Anionic Peptides are molecules rich in aspartic acid (Asp) and/or glutamic acid (Glu) residues in the primary structure. This work presents, for the first time, structural characterization and biological activity assays of an anionic peptide from the venom of the scorpion Tityus stigmurus, named TanP. The three-dimensional structure of TanP was obtained by computational modeling and refined by molecular dynamic (MD) simulations. Furthermore, we have performed circular dichroism (CD) analysis to predict TanP secondary structure, and UV-vis spectroscopy to evaluate its chelating activity. CD indicated predominance of random coil conformation in aqueous medium, as well as changes in structure depending on pH and temperature. TanP has chelating activity on copper ions, which modified the peptide's secondary structure. These results were corroborated by MD data. The molar ratio of binding (TanP:copper) depends on the concentration of peptide: at lower TanP concentration, the molar ratio was 1:5 (TanP:Cu 2+ ), whereas in concentrated TanP solution, the molar ratio was 1:3 (TanP:Cu 2+ ). TanP was not cytotoxic to non-neoplastic or cancer cell lines, and showed an ability to inhibit the in vitro release of nitric oxide by LPS-stimulated macrophages. Altogether, the results suggest TanP is a promising peptide for therapeutic application as a chelating agent.
Introduction
The venom of scorpions is a rich source of bioactive molecules [1] exhibiting broad, high potential for therapeutic application. Peptides present in the venom have been classified as either peptides with disulfide bridges or non-disulfide-bridged peptides (NDBPs) [2] . NDBPs are biologically more diverse than toxins with disulfide bridges; they have a low molecular weight (1-4 kDa) and their primary sequences are markedly different when compared with other NDBPs [3] . Among the peptides in the NDBPs group are anionic peptides (AP). The main characteristic of this class is the prevalence of aspartic acid (Asp) and/ or glutamic acid (Glu) residues in the primary structure [4] . AP from scorpions have not yet been structurally and functionally characterized [5] .
AP were previously identified in the transcriptome of other scorpions of the genus Tityus, representing 3% of transcripts in T. serrulatus and 4.9% in T. bahiensis [6, 7] . Bmka1 and Bmka2 are acid NDBPs identified in the venom of the chinese scorpion Buthus martensii Karsch, with a net charge of −12 and −13, respectively; it is believed that Bmka2 can act as a new class of defense peptides in scorpions [8] . In the venom of T. costatus, four clones of AP were identified, with charges varying from −19 to −20 [9, 10] . D'suze (2009) presented the cDNA library of the T. discrepans venom gland, in which the most representative sequence encoded a 75 amino acid AP, homologous to an anionic precursor described for T. costatus [11] .
In other animal species, AP have been characterized and shown to have chelating activity of bivalent metals [12] [13] [14] . The loss of metal homeostasis in the body is a key feature of various neurodegenerative diseases and may play an important role in the initiation and progression of disorders such as Alzheimer's, Parkinson's and neuromotor disorders [15] . Chelating agents may be used in the therapy of Wilson's disease [16] , β-thalassemia treatment [17] , cancer treatment [18] , fibrotic disease, inflammatory and autoimmune diseases [19] . In many neurodegenerative diseases, copper has been identified as having a role in deregulation of homeostatic brain control [20] . Copper can potentially cause toxic effects, that is, oxidative stress induced by the increase of reactive oxygen species, besides being responsible for the manifestation of hereditary disorders, such as Wilson's and Menkes' diseases [21] . In this context, metal chelating molecules have been the subject of novel therapeutics research.
Our group has previously carried out a transcriptome analysis of the venom gland from Tityus stigmurus scorpion (Buthidae), the main species in Northeastern Brazil. The study identified 27.7% of the transcripts as AP, making this class of unknown function the most abundant in the venom [22] . In the present work, we evaluated the structural characteristics, as well as chelating, cytotoxic and immunomodulating activities in vitro, of an AP from the scorpion T. stigmurus (herein named TanP). This is a pioneer study, since to our knowledge there are no reports in the literature characterizing AP from scorpion venom.
Material and methods

Liquid chromatography-mass spectrometry (LC-MS) analyses
LC-MS analyses were performed aiming to show the presence of the TanP peptide in the Tityus stigmurus venom. For this experiment, T. stigmurus venom was collected in NH 4 OH 5% solution due to solubility of peptide TanP. A peptide non-amidated standard solution 1 mg/mL was prepared in the same solvent. The LC-MS analyses was performed using UHPLC Agilent model 1260 Infinity and mass spectrometer (ESI-TOF) Agilent model 6230. The autosampler was adjusted to keep the samples at 4°C and the mobil phase in column kept at 25°C. The column used was a Shimadzu Shim-pack XR-ODS (50 × 3.0 mm × 2.2 μm), the flow was 0.2 mL/min and the injection volume was 1 μL for peptide standard solution and 20 μL for the blank (acetonitrile) and venom. Trifluoroacetic acid 0.1% (A) and TFA 0.1% in methanol (B) were used as mobile phase in gradient: 0-5 min 5%B, 5-25 min 5-85%B, 25-35 min 85-100% B, 35-45 min 100%B, 45-46 min 5%B and 46-51 min 5%B. The nitrogen was used as nebulizer gas at 325°C, 35 psig and flow 8 L min −1 . Capilar was set 4 KV and acquisition by scan from m/z 1000-2000. In some analysis was added 2 mM CuCl 2 solution by infusion during the analysis with 15 psig for nitrogen in nebulizer.
Bioinformatic and phylogenetic analyses
The primary structure of TanP was predicted from a DNA nucleotide sequence found in cluster TSTI0012C selected from the full length cDNA library of T. stigmurus venom gland [22] . The presence of a putative signal peptide was determined using the SignalP 4.1 program [23] . A search for amino acid sequences homologous to the sequence of TanP was performed using the online BLAST-NCBI plataform in blastp mode [24] . The theoretical mass and isoelectric point were estimated from the Compute pI/Mw tool (http://web.expasy.org/compute_pi/).
PHI-BLAST (Pattern Hit Initiated BLAST) was employed to identify distant homology. Then, a multiple alignment was performed between TanP and BLAST search hits sequences using the MAFFT program [25] . The evolutionary inference was performed using the MEGA6 tool [26] . At this stage we used the maximum likelihood method and the LG model [27] . The consensus tree was obtained from 1000 bootstrap replicates [28] . Initial trees for heuristics search were obtained by the application of Neighbor-Joining and BioNJ algorithms. The topology of the tree was exported in Newick format and then displayed/edited in Figtree program [29] .
Peptide modeling
TanP modeling was performed ab initio [30] using AIDA program (http://ffas.burnham.org/AIDA/) [31] . The quality of initial models generated was validated in MolProbity (http://molprobity.biochem. duke.edu/) and pdb file was visualized using USFC Chimera software.
Molecular dynamics
Molecular dynamics (MD) simulations were performed by the GROMACS 4.6.5 program [32] . One ab initio three-dimensional model of TanP was simulated alongside with copper ions (Cu 2+ ) to neutralize the overall system charge. CHARMM27 force field was used in simulations [33] and the water model employed was TIP3P [34] . The long distance interactions were truncated 10 Å and electrostatic forces, plus the cut-off radius, were treated with Particle Mesh Ewald [35] . After energy minimization, the system was equilibrated (NVT, restrained) and simulated for 0.8 μs using a NPT ensemble. The approximation of the metal to binding sites was evaluated by calculating the distances to all anionic parts of the protein, particularly of carboxylic carbons of aspartate and glutamate residues, and the C-terminal portion. The root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF) and gyrated radius were calculated to evaluate the structural stability of the model.
Peptide synthesis
The mature synthetic non-amidated peptide with purity ≥90% was purchased from GenOne Biotechnologies (Rio de Janeiro, Brazil), and was maintained at −20°C until the time of use.
Circular dichroism (CD) spectroscopy
CD analysis of TanP (0.3 mg/mL) was performed in a Jasco J-810 spectropolarimeter (Tokyo, Japan) at 25°C using a 0.1 cm path-length quartz cuvette. TanP was analyzed at the following conditions: in ultrapure water; in 200 mM sodium phosphate buffer, pH 7.4; in TFE 20%, 50% or 70% (v/v); or in the presence of Cu 2+ at different concentrations. Each spectrum corresponds to an average of five scans taken from 190 to 260 nm, at a scan rate of 50 nm min −1 [36, 37] . TanP structural stability was evaluated at different pH conditions using buffer systems of 0.1 M citric acid and 0.2 M sodium phosphate (pH 3.0-7.4), or 0.2 M boric acid and 0.05 M sodium borate (pH 8.0-9.0). Heat stability of TanP (in 50% TFE, pH 3.0) was analyzed at a fixed wavelength of 222 nm, with temperature ranging from 2 to 98°C, and then backwards, recording ellipticity data at 0.2°C intervals. Alternatively, CD spectra (190-260 nm) were recorded at 5°C intervals varying the temperature from 5 to 95°C. For secondary structure composition estimation, the CD spectra were deconvoluted using SELCON3, CONTIN and CDSSTR algorithms on DichroWeb server [38] ; data are presented as the mean value from the three methods combined.
TanP-Cu 2+ reactivity assay
The binding of Cu 2+ to TanP was examined using an Agilent spectrophotometer Model 8453 UV-vis Spectroscopy System with a DAD detector. TanP (2.11 or 23.6 μM) was incubated, at room temperature, in the absence or in the presence of Cu 2+ at increasing concentrations. Electronic spectra were generated, to assess whether or not there was complexation of the peptide with metals.
Cell proliferation assay in vitro
The cytotoxicity of TanP was evaluated on murine macrophage cell line (Raw 264.7) and on canine kidney cells (MDCK), grown on DMEM, or on renal carcinoma cells (786-0), grown on RPMI-1640, using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-zolium bromide (MTT) methodology. The 786-0 renal adenocarcinoma cell line (ATCC CRL-1932) and Raw 264.7 macrophages (ATCC TIB-71) were kindly provided by Dr. Carmen Ferreira (Department of Biochemistry, UNICAMP, Brazil). MDCK (NBL-2) ATCC CLL-34 was donated by Dr. Valter Ferreira de Andrade Neto (Department of Microbiology and Parasitology, UFRN, Brazil). The cells were transferred into 96-well plates and allowed to attach overnight in 100 μL medium, at 37°C and 5% CO 2 . After this period, TanP was added at different concentrations (5-50 μM) and incubated for 24 h. Then, the peptide was removed and 100 μL of MTT (5 mg/mL) in medium were added and further incubated for 4 h at 37°C. Supernatants were removed and replaced by 100 μL of ethanol to solubilize formazan crystals [39] . Measurement was carried out at 570 nm in an ELISA reader (Bio-Tek PowerWave HT − USA).
Nitric oxide (NO) measurement
In vitro NO production by macrophages was determined by the Griess method [40] , which evaluates the presence of nitrite in cell culture supernatants. RAW 264.7 cells were placed in a 24-well plate, with increasing concentrations of TanP (0-50 μM), with or without LPS (2 μg/mL). After 24 h of incubation, supernatants were transferred to a 96-well plate and the nitrite levels were analyzed using Griess reagent (Sigma-Aldrich, Inc. FLUKA). Measurement was carried out at 540 nm in an ELISA reader (Bio-Tek PowerWave HT − USA).
Statistical analyses
Statistical analyses were performed using GraphPad Prism (v. 5.0, GraphPad Software, Inc.). Results are expressed as mean ± standard deviation. The comparison between groups was performed using unpaired "t" test or ANOVA (One-Way) followed by Tukey's post-test. The difference between means was considered significant when p < 0.05.
Results
Identification of TanP in T. stigmurus venom by LC-MS
Initially the peptide analysis was performed to record a retention time and its characteristic mass spectrum where it is possible to note the 1A . The analysis for blank, peptide and T. stigmurus venom is showed in Supplementary Fig. 1B . It was possible to observe a small peak that may be correlated to the TanP peptide. Unfortunately, the mass spectrum has presented only a small peak for the ion m/z 1940 in Supplementary Fig. 1C . To increase the sensibility and trying to coordinate the protein with a metal once TanP is from a peptide class known for metal chelation, the analysis were repeated adding CuCl 2 solution by infusion. The metal adduct for TanP was not detected, but when the scorpion venom was analyzed it was possible to note a small increasing of TanP signal enough to allow to obtain a more remarkable ion m/z 1940 in mass spectrum that endorse the presence of TanP in the venom (Fig. 1A-C) . In addition, the analysis demonstrate that the metal addition promoted and a small decreasing in the nearest peptide signal. That peptide might be affecting sensibility for TanP due to quantity difference. Other reason for the small TanP signal increasing and other peptide decreasing is the possibility of these peptides were linked to other peptides as demonstrated for anionic and cationic proteins for venom pH stabilization. The presence of the metal, even in small amount, may change these interactions. In this way, further studies should be performed to understand the metal effect in mass spectrum of T. stigmurus venom and its peptides.
TanP in silico characterization and phylogeny
From the cDNA library previously generated by our group from T. stigmurus venom glands [22] , the cluster TSTI0012C encodes a protein of 74 amino acid residues. The protein sequence shows a peptide signal 24 amino acids long, without pro-peptide region, and mature sequence with 50 residues and an estimated isoelectric point of 2.75 and mass of 5815 Da. The sequence is rich in Asp residues, without disulfide bonds, and has a net charge of −20. Multiple mature sequence alignment between TanP and AP from different scorpion species is showed in Fig. 2A . To infer the phylogenetic relationships among the AP from scorpion venoms, a phylogenetic tree was built (Fig. 2B) . TanP grouped on the same branch as peptides from other species belonging to the genus Tityus, sharing a common ancestor with the peptides group of Lychas genus. Another branch of the phylogenetic tree is composed of sequences from Mesobuthus, Androctonus and Buthus genera. Sequences derived from species belonging to the Scorpionoideae superfamily were observed as most basal group.
TanP modeling and molecular dynamics
The final model of TanP (Fig. 2C ) exhibited high proportion of random structure, with one α-helix and two antiparallel β-strands. Supplementary Fig. 2 
Spectroscopy analyses of TanP secondary structure and copper-binding
In water and 200 mM phosphate buffer, pH 7.4, the CD spectra of TanP was typical of random coil structure, with minima at about 195 nm. When adding increasing concentrations of TFE, a lipophilic solvent which induces α-helix [41] , the curve of dichroic signal presented positive peaks at about 192 nm, and negative valleys 208 and 222 nm, features typical of peptides in α-helical conformation [42, 43] . This profile was more pronounced in the presence of TFE 50% (v/v). An increase of about 6 times was observed in the percentage of α-helix when compared to the peptide in aqueous medium (Fig. 3 , Table 1 ).
TanP secondary structure was sensitive to pH changes, with higher percentage of α-helix conformation in acidic pH (Fig. 4, Table 2 ). In addition, the peptide showed slight conformational changes at temperatures of 50-75°C, becoming partially unstructured at 95°C (Fig. 5 , Table 3 ). The analysis at fixed wavelength showed that heating treatment caused an increase in TanP molar ellipticity at 222 nm, meaning a decrease in alpha helix content, which was reversed when the sample returned to the initial temperature (Fig. 6, Table 4 ).
Copper titration alters the CD spectrum, suggesting that metals bind to peptide, modifying its secondary structure (Fig. 7 , Table 5 Additionally, using UV-vis spectroscopy, an increase in TanP absorbance at 255 and 275 nm was evident as a function of successive increments in Cu 2+ concentration (Fig. 8) . This suggests the formation of metal-peptide complex at both peptide concentrations tested (2.11 and 23.6 μM).
Cytotoxicity assays and effect of TanP on NO release
TanP, at all concentrations tested, had no negative effect on proliferation of the cell lines 786-0 and MDCK ( Fig. 9A and B) evaluated during 24 h. However, at concentrations of 5, 15 and 30 μM, TanP presented a stimulatory effect on RAW 264.7 cells, resulting in 13.0 ± 4.4 26.1 ± 3.5 59.0 ± 8.8
Fig . 6 . Evaluation by CD of the thermal stability of TanP (0.3 mg/mL) in TFE 50% (v/v) pH 3.0, subjected to heating and cooling (2-98°C) at a fixed wavelength of 222 nm.
increased cell proliferation (Fig. 9C) . On the other hand, nitrite release by RAW macrophages in the presence of LPS was inhibited by TanP, at concentrations of 15, 30 and 50 μM, indicating the peptide neutralizes LPS-induced NO production. TanP treatment without LPS-stimulation reached the same level as the negative control (Fig. 10 ).
Discussion
AP have been identified in different species of animals and plants, where they have been implicated in antimicrobial, immunomodulatory and metal chelating activities [10, 12] . AP are also present in scorpion venoms [4, 6, 7] , where it is suggested they act in balancing the venom pH [44] , as synergists to other peptides [45] , or as antimicrobial agents [6] . The AP Bmka2 from Buthus martensii Karsch venom, which has negative charge of −13, is considered a putative antimicrobial peptide [8] . Also, clones of AP 7, 8, 9 and 10, from the venom of Tityus costatus, have charges ranging from −19 to −20 and may possibly have antimicrobial activity. However, none of these peptides have had their biological activity experimentally assessed so far [10] . In the present study, we introduce TanP, an AP from T. stigmurus scorpion venom.
TanP sequence has highest similarity to other AP from the genus Tityus, indicating that the similarity between sequences corresponded to the phylogenetic relationship of the taxa, which is corroborate by the dendrogram topology. The organization of genera in the phylogenetic tree present here is in agreement with what has been described by Sharma et al. [46] , which performed the phylogeny of 25 different species of scorpions using a compilation of transcriptomic data. They noted that the species of the genus Tityus, known as the New World Buthidae, clustered more closely to Lychas and Isometrus, both found in Asia, than transcripts from Mesobuthus and Androctonus.
Similar profile to the dichroic spectrum of TanP was observed for amphibian AP, maximin H5, which presented higher percentage of random structure in aqueous medium, acquiring a helical profile when in TFE/water medium (50% v/v) [47] . Similarly, the DCD-1L AP present in humans, presented disordered structure when in water and phosphate buffer [48] . In contrast, microplusin (an arachnidan AP from the tick Rhipicephalus microplus), presented helical conformation in water [12] .
CD analysis showed that TanP presents more structured conformation at acidic pH, which can be explained by protonation of Asp and Glu residues, providing positive charge to the molecule [49] . This condition probably reduces the number of available sites for the formation of hydrogen bonds with the solvent, strengthening intramolecular bonds that facilitate the folding of the peptide. In contrast, deprotonation of residues at neutral to basic pH favors an excess of negative charges spatially available in TanP, destabilizing its folding [50] . The thermal analysis suggested that the loss of secondary structure is reversible, since the peptide returned to its original secondary structure composition after returning it to the initial experimental temperature.
Metal chelating peptides are generally composed by histidine, serine, cysteine and acid residues [51] , showing generally high levels of Asp and Glu [52] . Structural analysis of TanP by MD suggested that the complexation of Cu 2+ may favor the formation of intramolecular bonds through the acid residues side chains [13] contributing to the folding and stability of the molecule [53] . A similar result was described for another related AP, microplusin, which binds Cu 2+ through histidine residues in the N-terminal and C-terminal regions [12] . Both CD and UV-vis results showed a spectral variation as a function of Cu 2+ titration, suggesting that metal actually binds to TanP, as indicated by MD results. CD data specifically suggest that peptide forms more alpha-helix structures after interacting with Cu 2+ . Indeed, changes in structural conformation after interaction with bivalent ions have been shown to correlate with activity. The human AP dermicidin, for example, acquired stabilization of α-helix and a higher antimicrobial activity upon binding of bivalents ions [13] .
Based on results from Cu 2+ complexation by UV-vis measurements, it is suggested that the reaction stoichiometric point (where the absorbance remains constant as a function Cu 2+ ) depends on TanP concentration. The binding molar ratio was 1:7 and 1:3 (TanP:Cu 2+ ) to solutions of 2.11 and 23.6 μM TanP, respectively. In contrast, microplusin bound Cu 2+ with a molar ratio of 1: 1 [12] ; such difference is probably due to the higher number of acidic residues in TanP. Our results were supported by MD analysis (lower concentration of TanP and bond molar ratio of 1: 5 peptide: metal) and CD (concentrated solution of TanP and bond molar ratio of 1:3 peptide:metal). Lower concentrations of TanP may favor intramolecule interactions, a situation in which a metal center can be linked to different sites of the same peptide molecule. In contrast, in a more concentrated solution of TanP, intermolecule interactions may become more frequent, since, in accordance, our results suggested the ability of a metal to bind to one or more sites of different peptide molecules. This may be happening as a result of increased competition for binding to metal caused by high concentration of peptides. Metal chelating molecules are the subject of research to propose new treatments for neurodegenerative diseases [15] . Moreover, ion chelating peptides can also act as antioxidants, since transition metals participate in the formation of free radicals in cells [21] . Cu 2+ are powerful catalyst of low density lipoprotein oxidation reaction (LDL), promoting atherogenesis and vasoconstriction developing and prothrombotic properties, so copper chelating peptides can prevent the oxidation of LDL induced by copper [54] . In this context, TanP may represent a new target to be studied as a lead for novel chelating therapies.
Our results also showed that TanP up to 50 μM was not cytotoxic to three different cell lines tested in vitro. Interestingly, it induced macrophage proliferation, at the same time decreasing the release of NO, an important inflammatory mediator. This suggests that TanP may also have immunomodulatory activity and further studies are compelling to elucidate its full biotechnological potential. It will be interesting to consider possible chelating activities of TanP towards other bivalent metals, as is the case for other anionic peptides e.g. microplusin [12] , and the implications of such activities on the biological effects of TanP.
In summary, TanP, the first AP from scorpion venom to be structurally characterized, presented biological activities, which bring forward its future potential in the development of new therapeutic agents.
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